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Abstract 
In recent years, the rapidly growing population prompts human beings to find a way to boost 
crop yield and quality, which makes the discussion about greenhouses becomes increasingly 
widespread. However, the research about closed greenhouse, especially about its application 
and performance in subtropical areas, is still insufficient. This thesis aims at designing a 
temperature control system for a closed greenhouse, and analysing its energy cost based on a 
series of simulations. This thesis proves that the application of closed greenhouse technology 
for planting tomatoes in Chinchilla is commercially unfeasible, which provides a reliable 
theoretical basis for further research. 
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1. Introduction
1.1. Background 
In modern society, population explosion has become an alarming trend that influences human 
being’s life. According to Figure 1, the world population was only 1 billion in 1800, and it 
took this number over 125 years to double. However, from the year 1927, the world 
population started to grow geometrically, arriving at about 7 billion in 2011. Moreover, this 
figure is anticipated to rise continuously and reach 8 billion by 2025. 
Figure 1. World population growth since 1800 and projections to 2100 (Pison, 2011). 
Unfortunately, the development of food industry cannot match population’s growth rate. 
Thomas Robert Malthus argued that the human population was expected to rise geometrically, 
but the increase in food production was just linear (Oerke, Dehne, Schönbeck, & Weber, 
1994). This huge rate difference will definitely cause that more and more people cannot get 
access to enough food. In order to address this problem, an increasing number of researchers 
have started to engage in developing greenhouse technology. 
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1.2. Thesis objective 
This thesis aims at designing a closed greenhouse that is located in Chinchilla, and calculating 
its energy cost based on a series of simulations, before concluding whether it is technically 
and commercially feasible to plant tomatoes in such a closed greenhouse. 
1.3. Thesis structure 
Chapter 1 introduces this thesis’ background, objective, and structure; Chapter 2 is a literature 
review that discusses greenhouse technology, factors affecting crops’ growing, valuable crops 
in Australia, the importance of CO2 content, as well as heating and cooling equipment in a 
greenhouse; Chapter 3 selects the target crop for the following design work; Chapter 4 is the 
key section that designs a closed greenhouse in detail; Chapter 5 compares the greenhouse’s 
annual operation cost and revenue; Finally, chapter 6 gives the conclusion for the entire 
thesis. 
2. Literature review
2.1. Greenhouse technology 
In this contemporary society, with the rapid growth of world population, food shortage has 
become an urgent issue among human beings. In order to efficiently increase crop yield and 
quality, the closed greenhouse system, which is more advanced than traditional open-field 
agriculture and opened greenhouse, has been developed and applied in many countries. 
2.1.1. Traditional greenhouse technology 
A greenhouse is defined as a structure covered with transparent materials that can make the 
use of solar radiant energy to grow plants (Mastalerz, 1977). Compared with traditional 
planting methods, the invention of greenhouse can significantly increase crop yield and 
develop production quality. Most important factors that may influence crops’ growing can be 
strictly controlled and monitored in such a structure, including: 
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1, Temperature, which is a crucial factor throughout crops’ life cycle, can be artificially 
adjusted. 
2, Moister content, which ensures the proper humidity for crops, can be artificially adjusted. 
3, The density and thickness of fertilizer can be regulated with a uniform level in a 
greenhouse environment, while this cannot be guaranteed in an open area due to wind, 
rainfall, and wild animals. 
4, The spectrum and intensity of light can be controlled through changing the type, colour, 
and thickness of a greenhouse’s cover material. 
Moreover, a greenhouse can protect crops from strong winds, extreme rains, as well as a 
variety of insects. All of the above strong points make greenhouse has taken the place of 
conventional planting method to a large extent. Figure 2 compares the yields of several kinds 
of general crops planted in greenhouses and those in open fields. 
Figure 2. Yields of vegetable crops grown in greenhouses and in open fields (Goto et al., 1997). 
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The origin of greenhouse industry can be tracked back to the 1600s in the Netherlands, when 
dormant lilac bushes were first dug and brought in from the field (McMahon, 1992). Around 
300 years later, in the 1900s, the greenhouse industry was developed into a multibillion-dollar 
industry because of the increase of world population and the upgrade of transport systems 
(McMahon, 1992). 
The present-day research of greenhouse aims at not only protecting crops from being attacked 
by unpleasant natural conditions, but also extending their growing season and thus, raising 
crops’ product quantity and quality. 
2.1.2. Closed greenhouse technology 
Typically, in recent years, a brand-new issue, named closed greenhouse, becomes an 
innovation in the horticulture industry (De Gelder, Dieleman, Bot, & Marcelis, 2012). This is 
because a closed greenhouse system has a series of advantages that an opened one does not 
have. For example, the internal temperature, humidity, and CO2 concentration can be 
independently controlled in a closed greenhouse system. As a result, a variety of climate 
conditions that will never occur in open fields may come true (Heuvelink & Gonzalez-Real, 
2008). In addition, a combination of high light intensity, high CO2 concentration, as well as a 
low CO2 supply rate, can be achieved only in a closed greenhouse system (Qian et al., 2011). 
A core character of a closed greenhouse system is that it can considerable reduce the demand 
for external energy in cold climates, since a closed greenhouse can utilize the solar energy to 
a larger extent (Vadiee & Martin, 2013). In other words, this new system can achieve 
sustainability well. In a fully closed greenhouse, all traditional ventilations have been 
removed, because they contribute to a large amount of heat loss (Vadiee & Martin, 2013). A 
statistical data analysis argues that the heating system in a conventional greenhouse accounts 
for around 80% of total annual energy consumption (Vadiee & Martin, 2013). Fortunately, 
this problem can be solved in a closed greenhouse system, where the inside heat can be 
transported and stored by using thermal storage technology (Vadiee & Martin, 2013). 
Beside this, theoretically, in warm climates, the cooling system installed in a closed 
greenhouse can also perform better than that in a traditional greenhouse. In a traditional 
greenhouse, the surface temperature of leaves is generally lower than the surrounding 
temperature, because the transpiration effect will take heat away from leaves’ surfaces (De 
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Gelder et al., 2012). This phenomenon can be alleviated in a closed greenhouse, in which the 
surface temperature of leaves can be higher than the surrounding because of the relatively low 
leaf-air vapour pressure deficit (VPD) (De Gelder et al., 2012). 
Another character of such a system is that it can substantially reduce the amount of fossil fuel 
consumed in greenhouses and thus, make agricultural business more eco-friendly. This is 
especially true when we consider the fact that fossil fuel makes up more than 60% of total 
external energy for greenhouses’ heating system, which may emit a huge amount of 
greenhouse gas into the atmosphere every year (Khoshnevisan, Rafiee, Omid, & Mousazadeh, 
2013). However, this problem can be efficiently mitigated by applying closed greenhouse 
systems, which can cut down 30-40% energy consumption (Vadiee & Martin, 2013). 
Given the above discussion, it is reasonable for us to estimate that closed greenhouses will 
play an increasingly important role in the future agricultural industry. So far, most research 
and design works for closed greenhouses are limited in relatively cold areas, such as Germany 
and Canada, whereas the research for closed greenhouses in subtropics is insufficient. That 
means how a closed greenhouse will perform in a warm area is still a blank domain, and the 
benefits of applying closed greenhouse technology in warm areas are supposed to be re-
evaluated in subtropics. 
2.2. Factors affecting crops’ growing 
This section aims at describing five important factors that may substantially influence crops’ 
growing process and final yield, including temperature, humidity, light spectrum, light 
intensity, and CO2 concentration. 
2.2.1. Temperature 
Temperature is the first essential precondition of crops’ sprouting and growing processes, 
which can be considered as a “signal” that activates seeds (Petr, 1991). Each kind of crop 
should be planted within a certain temperature range, for crop starts to grow only when its 
surrounding temperature goes beyond the crop’s minimum demanded value. With the 
temperature increases, the crop may reach its optimal temperature that can make it grow at the 
highest rate. However, if the surrounding temperature exceeds the maximum demanded value, 
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the plant will quickly die. These three temperatures (minimum, optimal, maximum) together 
make up the “three basic temperatures” in agricultural industry (Petr, 1991). The values of 
them vary from crops’ different countries of origin (shown in Table 1). 
Table 1. Three basic temperature points in different countries of origin (Petr, 1991). 
Country of 
Origin 
Tropical/Subtropical Temperate Frigid 
Min. Temp. 10  5  -20 
Optimal Temp. 30-35  25-30  <10  
Max. Temp. 45  35-40  0  
2.2.2. Humidity 
Humidity is the second essential precondition of crops’ sprouting and growing processes, 
which reflects the amount of water vapour held in the atmosphere (Adams, Bamford, & Early, 
2008). Humidity may determine whether the stomas on plants’ leaves open or close. The 
stomas will close if the surrounding humidity is too high or too low, which may weaken or 
even stop crops’ respiration (Butenschoen, Scheu, & Eisenhauer, 2011). In addition, humidity 
may also influence plants’ transpiration, which serves as the impetus of water absorption and 
mineral transportation. If the humidity is too high, plants’ leaves will be burned because of 
the drop of transpiration rate. By contrast, if the humidity is too low, leaves will wither due to 
the insufficient water supply. There is a tight interaction between maximum possible relative 
humidity (dew point) and environment temperature. As is shown in Figure 3, the maximum 
value for each temperature is defined as saturation point (or dew point). If the air goes cooler 
further, water vapour will be given up by air and condense into liquid water (Wikipedia, n.d.). 
In a greenhouse, some condensations can be observed on the coolest surface. As a result, the 
dew point can reflect the interaction of temperature and humidity in a closed greenhouse. If 
the indoor temperature goes cooler than dew point, the condensations will lead to a lower air 
humidity. In comparison, air humidity will rise back when the temperature goes warmer than 
dew point. This interaction between temperature and humidity should be considered when 
designing a closed greenhouse system. 
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Figure 3. The relationship between temperature and dew point (Adams, Bamford, & Early, 2008). 
2.2.3. Light spectrum 
Light spectrum is the third essential precondition of crops’ sprouting and growing processes. 
Light not only provides the primary source of all forms of biological energy in plants’ 
biomass production process, but also acts as a signal, from which plants can obtain 
information about their growing condition and environment (Mao et al., 1988). The sunlight 
consists of a continuous series of radiant energies, while around half of them cannot reach our 
earth surface because of the atmosphere’s obstruction. Consequently, only the radiant 
energies whose wavelengths are between 300-1000 nm can eventually reach the earth surface 
and thus, influence plants’ life processes (Hart, 1988). Table 2 illustrates that lights with 
different wavelength ranges affect plants’ growth from different aspects. According to the 
table, it is noticeable that those effects can be either positive or negative. Some lights of 
certain wavelength ranges are even fatal to crops. As a result, choosing a proper light 
spectrum for crops in a greenhouse is necessary. 
Table 2. Influences of lights with different wavelengths on plants (Hart, 1988). 
Wave 
Length 
Colour Influences on Plants 
>1.00 µm Invisible
Be absorbed by plant and be transferred to heat, but does not 
contribute to photosynthesis. 
1.00-0.72 
µm 
Invisible Only contributes to plant’s growth. 
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0.72-0.61 
µm 
Red, 
Orange 
Be strongly absorbed by chlorophyll, and controls plant’s life 
cycle (blooming, bearing fruit, etc.). 
0.61-0.51 
µm 
Green Contributes to photosynthesis. 
0.51-0.40 
µm 
Blue, 
Purple 
Strongly contributes to photosynthesis. 
0.40-0.32 
µm 
Invisible Shortens plant, deepens plants’ colour, thickens plants’ leaves. 
0.32-0.28 
µm 
Invisible Be harmful to most plants. 
<0.28 µm Invisible Kills plant immediately. 
2.2.4. Light intensity 
Light intensity is the forth essential precondition of crops’ sprouting and growing processes, 
since it determines to what extent plants may perform photosynthesis (Seifert, Leuschner, 
Meyer, & Culmsee, 2014). This is especially important when we consider that plants’ growth 
is achieved by reserving organic matters through photosynthesis. With the increase of light 
intensity, crops can perform photosynthesis at a higher rate. But if the light intensity exceeds 
a critical value (varies from kinds of crop), crops’ photosynthesis will remain at a stable level 
rather than continue speeding up. Moreover, if the light is too strong, plants’ protoplasm will 
be destroyed and their chlorophyll will be resolved. This may cause that cells will loss a large 
amount of water and stomas on leaves will close. Consequently, the photosynthesis rate will 
be dramatically reduced, or even be interrupted (Ballaré & Casal, 2000). In conclusion, only a 
proper range of light intensity can benefit crops’ growth. Table 3 briefly shows that different 
vegetables and fruits demand different ranges of light intensity. 
Table 3. Different demands for light intensity of some crops (Eheart, Young, Massey, & Havis, 1955). 
Light Intensity Degree Value Example of Crops 
High light intensity Around 1500 µmol/m2·s 
Watermelon, Muskmelon, Tomato, 
Pepper, Eggplant, etc. 
Medium light intensity 800-1200 µmol/m2·s
Chinese cabbage, Cucumber, Root 
vegetables, etc. 
Low light intensity 600-800 µmol/m2·s
Green vegetables, Green onion, 
Garlic, etc. 
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2.2.5. CO2 concentration 
CO2 concentration is the last essential precondition of crops’ sprouting and growing 
processes. An elevated CO2 concentration in a greenhouse can efficiently stimulate plants’ 
growth. Plants’ photosynthesis rate will be promoted by a short-term CO2 enrichment, while 
their photosynthesis rate will be reduced and the photosynthetic acclimation may ensue with a 
long-term CO2 enrichment (Petr, 1991). In addition, under a higher CO2 concentration, the 
number of plants’ branches and roots, the amount of exudate released by root, the amount of 
nutrient element absorbed by root, and the total bio-mass of plants will also witness an 
upward trend (Bugbee, Spanarkel, Johnson, Monje, & Koerner, 1994). The ability of resistant 
to O3 injury of plant can also be enhanced. Moreover, a proper indoor temperature, sufficient 
nitrogen and phosphorus supply from soil can also affect the response of plants to an elevated 
CO2 concentration in a greenhouse system (Bugbee et al, 1994). Table 4 compares the total 
bio-mass and growth rate for a type of rice cultivar (29-LU-1 AI-NAN-TSAO) under two 
different CO2 concentrations. 
Table 4. The effect of CO2 concentration on development and yield of rice (Bugbee et al, 1994). 
Treatment 
Life Cycle 
(day) 
Total Bio-
mass (g/m2) 
Bio-mass 
Growth 
Rate 
(g/m2/d) 
Total 
Seed 
Mass 
(g/m2) 
Seed 
Growth 
Rate 
(g/m2/d) 
29/22 
340 PPM 
107 1072 10.1 453 4.24 
29/22 
680 PPM 
103 1389 14.6 605 5.92 
According to Table 4, rice’s bio-mass and seed both grow at a higher rate, with the CO2 
concentration rising from 340 to 680 PPM. This is a convincing example showing the positive 
effect brought about by elevated CO2 concentration on crop’s growing process. 
10 
2.3. Valuable crops in Australia 
The Australian mainland, especially its southern areas, is one of the great areas for planting 
crops in the world because of the mild temperature climate and the proper rainfall frequency 
(Glowinski, 1997; Queensland Department of Primary Industries, 1984). This section aims at 
listing a series of crops that are suitable for this thesis and have potential export market 
opportunities in Australia. Table 5 describes some dominant types of crops growing in 
Australia, as well as identifies the value ranges of the above parameters (discussed in section 
2.2) that may increase the crop yields by up to 50%. 
Table 5. Dominant crops in Australian mainland (Glowinski, 1997; Tromp, Webster, & Wertheim, 2005; Litz, 2005; Wright, 
1989; Nakasone & Paull, 1998; Hart, 1988; Splittstoesser, 1990; Rubatzky & Yamaguchi, 1997; Hart, 1988; Fageria, 1992; 
Pessarakli, 1995; Basra, 1994; Oerke, Dehne, Schönbeck, & Weber, 1994; Hart, 1988; Fageria, 1992; Pessarakli, 1995; 
Basra, 1994; Allen, 1986; Willson, 1999, McMahon, 1992; Hart, 1988; Anderson, 2006; Brickell, 2006; Bircher & Bircher, 
2000). 
Category Name 
Temperature 

Relative 
Humidity 
(%) 
Light 
Spectrum 
(µm) 
Light 
Intensity 
(µmol/m2·s) 
CO2 
Concentration 
(PPM) 
Fruit 
Strawberry 20-25 50-70 0.4-1
1400-
1700 
3600-
4600 
Grapefruit 17-18 60-80
0.4-
0.72 
- 
3500-
4000 
Lemon 17-19 65-70 0.4-1
1200-
2000 
- 
Pear 15-25 65-90 0.4-1
1500-
1700 
1800-
3700 
Apricot -30-40 - 
0.4-
0.61 
- 
3600-
5000 
Blackberry -10-7 70 
0.4-
0.61 
1600-
1700 
4100-
5500 
Mango 20-25 70-80 - 1600 - 
Kiwifruit 15-19 65-80 0.4-1
1500-
1700 
- 
Orange 12-37 - 0.4-1
1400-
1900 
2400-
4000 
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Banana 15-35 60-70
0.4-
0.72 
1200-
1500 
4100-
5500 
Vegetable 
Tomato 15-25 70-80 0.4-1
1400-
1900 
2600-
4800 
Onion 12-26 50-80
0.4-
0.61 
1500-
1600 
- 
Lettuce 15-20 - 
0.4-
0.72 
1600-
1800 
3000-
4200 
Pea 9-23 75-80
0.4-
0.61 
1600-
2000 
3800-
4100 
Bean 20-25 50-85 0.4-1
1600-
1700 
2000-
3600 
Carrot 13-20 60-85 0.4-1 - - 
Pepper 12-25 55-70
0.4-
0.61 
1500-
1700 
3000-
4500 
Broccoli 18-25 - 0.4-1
1500-
1600 
2800-
3900 
Kohlrabi 6-25 50-75
0.4-
0.61 
1600-
2000 
- 
Chard 15-20 55-70
0.4-
0.72 
1400-
1500 
2800-
3000 
Grain & 
commercial 
crop 
Wheat 16-22 50-70 0.4-1
1700-
2100 
3200-
4400 
Soybean 20-25 60-75 0.4-1 - - 
Rice 28-32 70-80 0.4-1
1600-
2000 
3000-
4500 
Barley 18-22 50-70 0.4-1
1500-
1700 
2200-
4500 
Maize 28-35 50-65 - 
1500-
2000 
2800-
3500 
Potato 17-21 60-75 - - 
2400-
3000 
Yam 20-30 55-70
0.4-
0.61 
1500-
1600 
-
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Oat 17-20 60-75
0.4-
0.72 
1200-
2000 
4100-
5500 
Olive -3-0 40-65 - 
1600-
1800 
- 
Peanut 20-28 50-75
0.4-
0.61 
1500-
1600 
3000-
4200 
Flower 
Rose 15-24 65-90
0.4-
0.72 
1500-
1700 
3300-
4500 
Carnation 14-21 60-75
0.4-
0.61 
1500-
2000 
2200-
3300 
Alstroemeria 15-22 55-70
0.4-
0.61 
1200-
2000 
3000-
4500 
Freesia 14-20 60-75 0.4-1
1500-
1700 
2800-
3900 
Snapdragon 15-26 50-85 - - 
2600-
4000 
Cineraria 10-15 70-80
0.4-
0.72 
1600-
1800 
2800-
3000 
Cyclamen 22-30 - 0.4-1
1500-
1700 
- 
Holiday 
Cacti 
15-20 70-75 0.4-1
1400-
1900 
1800-
3700 
Kalanchoe 16-28 - - 
1500-
1600 
- 
Lavender 5-30 65-80
0.4-
0.72 
- 
2400-
3000 
Kangaroo 
paw 
15-25 50-75
0.4-
0.72 
1200-
2000 
3600-
5000 
Callistemon 
rigidus 
20-30 65-80 0.4-1
1600-
1800 
4100-
5500 
2.4. The effects of CO2 concentration 
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Specifically, due to the high cost involved in maintaining a relatively high CO2 concentration 
in a closed greenhouse, it is necessary to analyse what the material benefit we can get from a 
higher CO2 concentration. Model simulations have pointed out that although the rising 
temperature and declined soil moisture will negatively influence global crop yield, the 
significant positive effect of rising CO2 content can offset these losses (Long et al., 2006). 
Lundegardh, the first person who conducted CO2 enrichment experiment, reported that sugar 
beet root production had gone up by 16% with a 15% CO2 concentration increase, and oat 
production had gone up by 30%, with CO2 concentration growing from 282 to 564 PPM 
(Dubey, Tripathi, & Pranuthi, 2014). 
Ito et al. conducted two experiments to research how an elevated CO2 content may influence 
pears’ growth (weight). Experiment 1 was a long-term CO2 enrichment, in which plants were 
subjected to CO2 enrichment (130 Pa CO2) with a control group (35 Pa CO2). The CO2
enrichment was applied on the 52th day after the plants’ full bloom, and lasted for 79 
continue days (Ito, Hasegawa, Fujita, Ogasawara, & Fujiwara, 1999). By contrast, experiment 
2 was a short-term CO2 enrichment, where the CO2 enrichment was applied during the last 35 
days prior to maturity but the CO2 content was the same as experiment 1 (Ito et al., 1999). Sun 
et al. researched how CO2 content influences the dry weight of strawberry. They treated their 
strawberry samples under 360 and 720 PPM CO2 contents respectively, and measured 
strawberries’ final dry weight after 6 months (harvest) (Sun et al., 2012). Kläring et al. 
conducted two experiments aimed at exploring the effect of CO2 content on the growth 
characteristics of cucumber (Cucumis sativus L. cv. Torreon) at Großbeeren, Germany. They 
planted their cucumber samples on 7 January (Spring) and 1 September (Autumn) 
respectively in order to find the season’s effect at the same time (Kläring, Hauschild, Heißner, 
& Bar-Yosef, 2007). Donnelly et al. examined the effects of increased CO2 and O3 
concentrations on the growth process of potatoes. They used certified seed tubers (Solanum 
tuberosum L. cv. Bintje) to be the raw material and planted them under several separate CO2 
and O3 concentrations, but this thesis only focuses on the certain three CO2 concentration 
groups that can present CO2’s single effect. Donnelly et al. divided their samples into 
different CO2 content conditions and measured their growing parameters at final harvest 
(Donnelly, Craigon, Black, Colls, & Landon, 2001). Peet et al. planted tomatoes of eight 
different genotypes at ambient (about 350µL/L) and 1000µL/L CO2 respectively. After 23 
weeks, they randomly selected 4 plants of each genotype and measured the biomasses of them 
(Peet, Pharr, & Nelson, 1991). The results of all experiments mentioned above are 
summarised in Figure 4. 
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*1. The average weight of all five genotypes.
*2. The total weight of rice planted in per square meter (g/m2).
Figure 4. Percentage growth of crops’ weights with elevated CO2 content. 
According to Figure 4 (reflects the percentage growth of crops’ weights compared with their 
ambient-air figures), the weights of all sample crops witness an obvious increase with a 
higher CO2 content, except only in the case where pear’s weight decreases slightly with a 
short-term CO2 enrichment. The weight of strawberry more than doubles when the CO2 
content rises from 360 to 720 PPM, and those of potato, rice (g/m2) and pear (long-term CO2 
enrichment) go up by 38.2%, 29.6% and 16.7% respectively. Moreover, tomato’s, cucumber 
(spring)’s, and cucumber (autumn)’s average weights also rise by 15.9%, 11.4% and 10.2% 
with elevated CO2 concentration. 
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Given the above discussions, it is reasonable for us to conclude that an elevated CO2 content 
that is higher than ambient air can considerably stimulate crops’ growth in mainly two 
aspects: increasing products’ bio-mass, and rising crop yield. However, the supply of high-
content CO2 involves high costs, so it is necessary to develop and apply a closed-greenhouse 
system, which can efficiently prevent CO2 from escaping to outside and thus maintain a 
relative high and stable CO2 content for plants. 
2.5. Heating & cooling equipment 
In a traditional greenhouse, temperature control is achieved simply by heating and ventilating 
(Bot, 1992). In summer, boilers are used to raise internal temperature, while in winter, 
temperature is lowered by ventilation. Unfortunately, this method has raised energy 
consumption by around 25-35% due to its low energy efficiency (Bakker et al., 1995). 
In an attempt to reduce energy consumption and adjust temperature more strictly, a set of heat 
exchanger companied with a thermal energy storage system (TES) has been applied in a 
closed greenhouse. Figure 5 introduces the principle of this equipment. In summer, cool water 
(retrieved from TES) is pumped into the heat exchanger and absorbs the excess heat in the 
greenhouse (Vadiee & Martin, 2013). After the water has been heated, it will be pumped back 
to the TES. On the other hand, in winter, hot water (conserved in the TES) is pumped up into 
the tube again. A heat pump can exploit the water’s heat and transfer it into the greenhouse 
internal air. After that, the cooled water will be pumped into the TES again, and be used in the 
next summer (De Gelder et al., 2012). The heat exchanger system should be installed close to 
the crops and the soil, which can efficiently reduce the temperature difference between the air 
and crops’ leaves (Vadiee & Martin, 2012). Thus, the whole greenhouse can be regarded as a 
big solar energy collector that can collect 2.5 GJ/m2 energy per year, which accounts for 
approximately 80% of the incident solar irradiation, in the north of Europe (Vadiee & Martin, 
2012). 
The thermal storage system, which has been mentioned above, is designed to maximize the 
use of solar energy (Vadiee & Martin, 2012). It should be designed according to each specific 
closed greenhouse’s heating and cooling loads, as well as different temperatures demanded by 
different types of plants. Normally, the most popular seasonal storage means are underground 
thermal energy storage (UTES) and borehole thermal energy storage (BTES) (Vadiee & 
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Martin, 2013). Besides, a stratified chilled water (SCW) storage or a phase change material 
(PCM) storage can also be applied as short-term storage method in an attempt to satisfy the 
daily demands or peak loads (Vadiee & Martin, 2013). 
Obviously, during this process, solar energy and geothermal energy, instead of electricity or 
fossil fuel, act as the main energy source that is used to control greenhouses’ internal 
temperature, although the operation of pump still needs exterior energy to transport water. 
The heating demand of an ideal closed greenhouse is approximately five times less than that 
of a traditional greenhouse (Vadiee & Martin, 2013). Another strong point of this practice is 
that the excess heat in the greenhouse can be conserved and be used as heat source in winter 
(De Gelder et al., 2012). 
Figure 5. Diagram of the hardware of a closed greenhouse during cooling (Panel A) and heating (Panel B) (De Gelder et al., 
2012). 
However, the drawback is that the efficiency of heat exchanger depends heavily on the 
temperature difference between the internal air in a greenhouse and the water flowing in the 
pipe. If this difference is relatively low, it can be estimated that this method cannot satisfy our 
needs. Another drawback is that this device’s efficiency will vary considerably, because the 
internal temperature needs to be changed in order to meet different crops’ needs. 
As a result, in a closed greenhouse, air-conditioner units should be used to enhance 
temperature control capacity (De Gelder et al., 2012). Generally, a centralised air-conditioner 
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unit is enough for a middle-sized greenhouse, while in a large-sized one (larger than 1000 
m2), a great number of decentralised small air-conditioner units become necessary. 
Centralised air-conditioner units are normally installed at the boundary of greenhouses, which 
can remove high-temperature air from the greenhouse and lower its temperature by cold 
water. After that, the low-temperature air is delivered by perforated polyethylene ducts under 
the plants (De Gelder et al., 2012). This type of equipment can also promote inside air 
movement. Measurements showed that in a closed greenhouse equipped with air-conditioner 
units, the inside air movement is turbulent, even if the air flows at a relatively low speed (<0.4 
m/s) (De Gelder et al., 2012). 
In conclusion, both heat exchanger and air conditioner can significantly reduce greenhouses’ 
reliance on fossil fuel, since in both cases the operating cost can be transferred from fossil 
fuel to electricity cost generated from electric devices, such as heat pumps. Air conditioner 
units can response to control signal quickly, but they will consume more electricity power 
especially when the inside temperature is relatively high. By contrast, the pipe heating 
exchanger is more energy efficient, while its response to control may be delayed depending 
on the TES temperature (Vadiee & Martin, 2012). Vadiee and Martin calculated in their case 
study that an ideal closed greenhouse system that uses BTES as seasonal thermal storage 
method will only consume 5 kWh electricity power per square meter, whereas in a short-term 
thermal storage method, this amount will rise to 19 kWh per square meter. Compared with a 
conventional greenhouse system, 44 L fuel oil can be saved per square meter by applying the 
closed greenhouse concept (Vadiee & Martin, 2013). Paksoy claimed that the fruit yield in a 
closed greenhouse rises by about 40% with only 33% of the original annual cost of energy, 
compared with the data of a traditional greenhouse in Turkey (De Gelder et al., 2012). 
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3. The crop selected for design work
In this section, a typical kind of crop, tomato, has been selected in order to identify the 
growing conditions that a closed greenhouse is supposed to supply. The reasons for choosing 
this crop are that its growing parameters have been fully discussed in sufficient literatures, 
and that it is a very common crop that plays an important role in Australian’s everyday life. 
There are several essential requirements for planting tomatoes. Firstly, tomatoes need a warm, 
fairly dry weather for around 3-4 months and their growing process needs a stable 
temperature between 15 and 25  (Albert, 2017; Rubatzky & Yamaguchi, 1997). Secondly, 
tomatoes’ roots need a moderate soil and air humidity (70-80% relative humidity). The plant 
will be destroyed if the water is too much, while its growth will be supressed if the water is 
too little (Albert, 2017). Thirdly, tomatoes need at least 8 hours of consistent sunlight every 
day, which can be replaced by man-made light in a closed greenhouse (Albert, 2017). Last but 
not least, an elevated CO2 content between 2600 and 4800 PPM is necessary for promoting its 
crop yield (Basra, 1994). 
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4. Greenhouse design
This section aims at discussing the basic and important specifications for a closed greenhouse 
that is designed for planting tomatoes. In addition, since this thesis focuses on energy, I will 
exhaustively conduct the heat input analysis and design the cooling/heating method for this 
greenhouse before calculating its overall energy consumption. 
4.1. Location 
The greenhouse should be located in Chinchilla, which has a sub-tropical climate with warm 
or hot weather for most days of a year (Living in Australia, 2017). In summer (December-
February), the average temperature commonly ranges between 21 and 30 , and its average 
rainfall is approximately 426.6 mm (Tourism Australia, 2017). Even in winter (June-August), 
the average temperature can still remain at a relatively warm level (between 11 and 21 ) 
(Tourism Australia, 2017). Chinchilla’s average humidity is between 50% and 65-70% 
throughout the year (Tourism Australia, 2017). In addition, there are annually around 2800 
hours of sunshine in this city (Living in Australia, 2017). These natural conditions enable 
Chinchilla to satisfy the needs for planting tomatoes. 
4.2. Type and size 
4.2.1. Type 
The greenhouse designed by me is supposed to be the “arch roof” type, which is named by its 
shape and all-metal structure (Ponce, Molina, Cepeda, Lugo, & MacCleery, 2014). This kind 
of greenhouse has a series of advantages, such as high transmittance of sunlight, good 
resistance to winds, and good indoor air volume (Ponce et al., 2014). It also has a drawback 
(low ventilation ability), but this can be ignored when designing a closed greenhouse. This 
type of greenhouse should be 3.5-4 m in height, 6-9 m in width, and 60-80 m in length (Ponce 
et al., 2014). 
4.2.2. Size 
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The greenhouse designed by me is supposed to be 4 m in height, 9 m in width, and 80 m in 
length, which is expected to produce approximately 5616 kg tomatoes per year. This is 
calculated by the fact that the overall soil area in the greenhouse is 468 m2, and the annual 
yield rate of tomato is generally 12 kg/m2 (Jones, 2007). The annual production of tomato 
consists of two main parts—for fresh markets and for processed foods (Rural Industries 
Research and Development Corporation, n.d.). In Queensland, the overall tomato production 
is around 132.5 million tonnes per year (Rural Industries Research and Development 
Corporation, n.d.). 
Figure 6 briefly gives the layout of the greenhouse. The overall width of planting area is 6 m, 
and there are two 1-meter separating aisles for workers and trolleys. In addition, the smaller 
side walls (9 m in width) are designed to face east and west in order to reduce received solar 
radiation. 
Figure 6. Greenhouse’s layout. 
The width of a greenhouse is very important. This is because a wider greenhouse structure 
enables people to feel more comfortable when working in it, which can directly increase their 
efficiency (Marshall, 2006). Another benefit of a wide greenhouse is that it can provide space 
for more benches and beds (Marshall, 2006). However, it is noticeable that a greenhouse’s 
stability will decrease if it is too wide. For example, its resistance towards strong wind and 
storm will become weaker. 
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By contrast, the height of a greenhouse is relatively unimportant as long as it can provide 
plants with enough headroom to grow, but people’s working time will be restricted if the 
inside height is too low to allow them to stand uprightly (Marshall, 2006). Similarly, there is 
not any particular regulation for length, but most people choose to make it between 40 and 
100 metres in order to suit standard glazing sizes (Marshall, 2006). 
4.3. Heat input analysis 
This closed greenhouse is required to provide a stable indoor temperature at the range of 15-
25 , which can fulfill the need of the target crop selected in section 3 (tomato). 
According to the heat transfer theory, the total heat transfer includes three methods: heat 
conduction, heat convection, and heat radiation. Therefore, the overall heat input (q) of the 
greenhouse is supposed to include three parts: heat conduction input (qλ), heat convection 
input (qc), and heat radiation input (qr). Another factor that we should notice is that during 
daytime, the greenhouse is exposed under the sunlight, so it may receive a large amount of 
solar radiation, which is also a type of heat radiation input (qrs). 
! = !# + !% + !& + !&' (1)
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Figure 7. Air temperatures and wall surface temperatures. 
4.3.1. Heat conduction input 
Because of the temperature difference between the glass’ internal and external surfaces, heat 
will gradually move through the glass from the hotter surface to the cooler surface. According 
to Fourier’s Law, qλ can be calculated by equation 
!# = ()* +, − +. (2) 
where: 
qλ: heat conduction input (W) 
λ: material’s heat conductivity coefficient (W/m·K) 
d: material’s thickness (m) 
S: the total surface area of material (m2) 
θe: the temperature of material’s external surface (K) 
θi: the temperature of material’s internal surface (K). 
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4.3.2. Heat convection input 
Heat convection occurs on the contact surfaces between the greenhouse’s glass shell and its 
ambient air (both internal and external). qc can be calculated by equations 
!,% = )/,%(1, − +,) (3) 
!.% = )/.%(+. − 1.) (4) 
where: 
qec: external heat convection input (W)
qic: internal heat convection input (W) 
S: the area of surface of contact between wall and air (m2) 
αec: external convective heat-transfer coefficient (W/m2·K) 
αic: internal convective heat-transfer coefficient (W/m2·K) 
te: external air temperature (K) 
ti: internal air temperature (K) 
θe: the temperature of wall’s external surface (K) 
θi: the temperature of wall’s internal surface (K). 
4.3.3. Heat radiation input 
Heat radiation is also a form of heat transfer in which substances continuously release their 
energy by emitting electromagnetic wave. It takes place on every substance as long as the 
substance’s temperature is higher than 0 K. qr can be calculated by equations 
!,& = 34.&5674''[ 19100 < − +,100 <]) (5) 
!.& = 3674''54.&[ +.100 < − 1.100 <]) (6) 
where: 
qer: external heat radiation input (W)
qir: internal heat radiation input (W) 
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Cair-glass: the radiation coefficient of air towards glass (W/m2·K4) 
Cglass-air: the radiation coefficient of glass towards air (W/m2·K4) 
S: the area of surface of contact between wall and air (m2) 
tk: sky temperature (K) 
ti: internal air temperature (K) 
θe: the temperature of wall’s external surface (K) 
θi: the temperature of wall’s internal surface (K). 
The value of tk may be assumed to be equal to that of te in daytime and cloudy night, but this 
is not true in clear night. This is because most of the heat loss is to the sky during clear nights, 
when the relationship between tk and te is shown by the equation 
19 = 1,[0.711 + 0.56 1BC100 + 0.73 1BC100 E]F.EG (7) 
where: 
tdp: dewpoint temperature (). 
Since in reality, heat convection and heat radiation usually occur simultaneously, we can 
transfer the equations of them into a similar and simpler format. 
In equation (6), if we make: 
!.& = 3674''54.& +.100 < − 1.100 < ) = /.&(+. − 1.)) (8) 
αir refers to the internal radiative heat-transfer coefficient (W/m2·K), which has the similar 
meaning with αic. Then we can get 
/.& = 3674''54.& +.100 < − 1.100 <(+. − 1.) (9) 
In equation (9), if we make 
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∆1 = +. − 1. (10) 
then, 
+.< = 1.< + 41.J∆1 + 61.E∆1E + 41.∆1J + ∆1< (11) 
therefore, equation (9) becomes, 
/.& ≈ 43674''54.&1.J10L (12) 
Similarly, 
/,& ≈ 434.&5674''+,J10L (13) 
As a result, we can calculate heat radiation by using the following equations, which are 
transferred from equations (5) and (6). 
!,& = 434.&5674''+,J10L (19 − +,)) (14) 
!.& = 43674''54.&1.J10L (+. − 1.)) (15) 
This provides us a more convenient way to calculate qr. 
4.3.4. Solar radiation input 
Another considerable part of heat radiation input is caused by solar radiation (qrs). It can be 
calculated by equation 
!&' = MN)C (16) 
where: 
qrs: solar radiation input (W)
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E: direct normal irradiation density (W/m2) 
Sp: heat-absorbing surface’s projected area (perpendicular to sunlight) (m2). 
Since a proportion of sunlight will be reflected by the greenhouse’s glass shell, we need a 
coefficient T (%) to take the reflectivity as well as the transmissivity of the glass into account. 
In the case where the material for this greenhouse is very thin (0.08 m), and its light 
absorption effect is negligible, the material’s transmissivity can be calculated by equation 
M = 100% − P (17) 
Where: 
R: material’s reflectivity (%). 
The value of R depends on sunlight’s angle of incidence, which will be discussed in section 
4.4.5. 
4.4. Heat input calculation 
In a greenhouse system, the direction of heat transfer depends on the relative temperature of 
internal and external air, because heat always spontaneously transfers from hotter areas to 
cooler areas. In this thesis, we define the amount of heat transferring from outside to inside as 
positive. 
The pathway of heat transfer caused by temperature difference can be always divided into 
three steps: from external air to external glass surface (outside-surface heat transfer), from 
external glass surface to internal glass surface (structure heat transfer), and from internal glass 
surface to internal air (inside-surface heat transfer). Besides, another source of heat input that 
we should take into account is solar radiation. 
4.4.1. Outside-surface heat transfer calculation 
At the outside surface of the greenhouse, heat transfer is achieved by two main forms: heat 
convection and heat radiation. 
27 
!, = !,% + !,& !, = /,%(1, − +,)) + /,&(1, − +,)) !, = (/,% + /,&)(1, − +,)) (18) 
4.4.2. Structure heat transfer calculation 
In the glass shell of the greenhouse, heat transfer is achieved by heat conduction. 
!# = ()* +, − +. (19) 
4.4.3. Inside-surface heat transfer calculation 
Similar to outside-surface heat transfer, 
!. = (/.% + /.&)(+. − 1.)) (20) 
4.4.4. Solar radiation heat transfer calculation 
!&' = (1 − P)N)C (21) 
4.4.5. Overall heat transfer calculation 
Since we are discussing a form of one-way stable heat transfer, the amounts of outside-
surface heat transfer, structure heat transfer, and inside-surface heat transfer, is supposed to be 
the same. In other words, each part of the greenhouse system can only transfer energy, but 
cannot storage energy, so we can get 
!, = !# = !. (22) 
, which means 
1, − +,1/,% + /,& ) = +, − +.*() = +. − 1.1/.% + /.& ) (23)
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Combining with solar radiation input, which is shown in equation (21), we can get 
! = )1/,% + /,& + *( + 1/.% + /.& 1, − 1. + (1 − P)N)C (24) 
Given the above equation, all what we need to do then is to determine each variable in it. S is 
1432 m2 (the total surface area of the 4 m·9 m·80 m greenhouse). d is generally 0.08 m 
(Marshall, 2006). λ is 1.09 W/m· at around 25  (The Engineering Toolbox, n.d.). (αec+ 
αer), which is called total external heat-transfer coefficient, is generally 19 W/m2·K in 
summer, and 23 W/m2·K in winter for such a structure (Thermopedia, 2011). (αic+ αir), which 
is called total internal heat-transfer coefficient, is generally 8.7 W/m2·K both in summer and 
winter (Thermopedia, 2011). 
R depends on the angle of incidence (the complementary angle of solar altitude angle, 90°- α, 
in Figure 9) for light traveling through the air and approaching another surface. Figure 8 
shows the relationship between material’s reflectivity and angle of incidence in this case 
where the sunlight is traveling through the air and approaching a glass surface. 
Figure 8. The relationship between glass’ light-reflection coefficient and angle of incidence (Pilkington Glass Handbook, 
2010). 
E, which refers to the sun’s direct normal irradiation density, is changing every time in every 
day throughout a year. In order to simplify my further calculation, I use the data of the 15th in 
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each month to be this month’s average value. Appendix 1 shows the data from sunrise to 
sunset in each month in Chinchilla. 
Figure 9. The effect of solar altitude on greenhouse’s walls. 
Figure 9 shows that Sp is decided by solar altitude angle (α). 
)C,RSC = 9 UVW / ×80 = 720 UVW / (25) 
)C,'.B, = 4 [\U / ×9 = 36 [\U / (26) 
Similarly, the solar altitude angle of Chinchilla is changing in each hour, and in each day 
throughout a year, which is described in Appendix 2. Since the solar altitude angle is 
changing every day, I use the figure for 15th in each month to be an average value. 
As a result, if we substitute the data for S, d, λ, (αec+ αer), (αic+ αir), as well as the equations 
(27) and (28) into equation (24), we can find that the overall heat input is radically determined
by the following three external factors: average temperature, solar altitude angle, and the
sun’s direct normal irradiation density.
!']^^,& = 5942.68 1, − 1. + 1 − P N(720 UVW / + 36 [\U /) (27)
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!_.`R,& = 6177.33 1, − 1. + (1 − P)N(720 UVW / + 36 [\U /) (28) 
The value of ti is supposed to vary between 15 and 25  (fulfilling tomato’s growing 
condition), so I assume that its initial temperature is 20 . The value of te, representing the 
external average temperature, also varies in different months throughout a year, which is 
shown in Table 6. Considering the substantial temperature difference in daytime and in night, 
I collect them separately. 
Table 6. Chinchilla’s monthly average temperature (Holiday Weather, 2017). 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Daytime 
Ave. 
Temp. 
() 
28 27 26 24 22 19 19 20 22 24 25 27 
Night 
Ave. 
Temp. 
() 
23 23 21 19 14 13 11 12 15 18 20 22 
If we substitute the data for te, E, α into equations (27) and (28), the total heat inputs in 
daytime and night can be determined respectively, which are shown in Figure 10. From this 
line graph, we can see that during daytime, the total heat input is always positive, so the 
internal temperature increase is expected to be very considerable. By contrast, during night, 
the input can be negative for a relatively long time (from April to October). 
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Figure 10. Total heat input at daytime and night. 
4.5. Daily temperature change calculation 
To what extent the overall heat input can raise the greenhouse’s internal temperature can be 
calculated by the following equation 
a = b4[4 1 − 1F + b'[' 1 − 1F (29) 
where: 
Q: accumulated heat input within a period of time (J) 
ma: the mass of inside air (kg) 
ms: the total mass of all other substances except air in the greenhouse (kg) 
ca: the specific heat capacity of air (J/kg·) 
cs: the average specific heat capacity of all other substances except air in the greenhouse 
(J/kg·) 
t: the real-time internal temperature () 
t0: the initial internal temperature (). 
In other words, t can be determined by the following equation 
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1 = ab4[4 + b'[' + 1F (30) 
Q, which can be regarded as an accumulative effect of q, can be calculated by 
a = !(c) *cdF  (31) 
where: 
µ: time (s) 
σ: the cumulative time length of heat input (s). 
ma is the product of air’s density (1.205 kg/m3) and volume (2480 m3), so it is 2988.4 kg (The 
Engineering Toolbox, n.d.). ms is the product of wet soil’s density (1200 kg/m3) and volume 
(400 m3), so it is 480000 kg (The Engineering Toolbox, n.d.). ca is 1005 J/kg· at around 
20  (The Engineering Toolbox, n.d.). cs, which can be roughly regarded as the specific heat 
capacity of wet soil, is 1480 J/kg· (The Engineering Toolbox, n.d.). If we set the initial 
value of internal temperature as 20 , and calculate the real-time temperature in every six 
hours (21600 s) within the following eight days, we can get two lines that illustrate how daily 
internal temperature changes in summer and winter respectively (shown in Figure 11). 
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Figure 11. 8-day temperature change in summer and winter. 
According to Figure 11, in summer, since we set the initial temperature as 20 , the internal 
temperature will increase rapidly in the beginning three days. After that, it will eventually 
fluctuate between 37 and 44 , which seriously exceeds the maximum growing temperature 
of tomatoes. By contrast, in winter, after a minor initial upward trend, the internal temperature 
eventually fluctuates between 21 and 25.5 , which can fulfill the growing need of tomatoes. 
As a result, in this greenhouse, cooling system should be applied to lower the internal 
temperature in summer, such as air replacement and/or air conditioner. By contrast, no action 
need to be taken in winter, because it can already match tomatoes’ growing need well. 
4.6. Air replacement 
An economical and comfortable way to lower a greenhouse’s internal temperature is to 
conduct air replacement, since the outgoing air may take away a large amount of heat. The 
rate of heat loss (W) can be calculated by the equation 
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!7S'' = [4e4(1. − 1,)f (32) 
where: 
qloss: heat loss rate (W) 
ρa: the density of air (kg/m3) 
V: the rate of air replacement (m3/s). 
The values of ca and ρa have already been determined in section 4.5. The value of V cannot be 
too high, which is based on the standard that the internal air in the greenhouse should be fully 
replaced within minimum 0.5 hour. Therefore, the maximum value of V is 
f^ 4g = 80	b×9	b×4	b0.5	ℎ = 5760bJ/ℎ = 1.6bJ/U (33) 
As a result, V is supposed to be set at the range of 0-1.6 m3/s. It is noticeable that based on the 
above discussion, even air replacement has been conducted at the maximum rate (1.6 m3/s), 
the average value of qloss throughout a day in summer is only around 30421 W. This is much 
lower than heat input, so only applying air replacement is not enough. Therefore, air 
conditioner units are necessary to further decrease the internal temperature, which will be 
discussed in section 4.8. 
4.7. CO2 compensation and cost 
With the process of air replacement, the CO2 in the air will also escape. However, the closed 
greenhouse is supposed to provide a stable indoor CO2 content at the range of 2600-4800 
PPM, which can ensure the satisfied yield and quality of tomato. Therefore, we need to 
continuously compensate CO2 in the greenhouse to ensure a stable CO2 content. The 
minimum rate of CO2 compensation (m3/s) is inversely proportional to that of air replacement, 
which is 
3%SE = 260010k f (34)
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The general price of agriculture-grade CO2 is $ 1/kg, which is equal to $ 44×10-3/mol (BOC, 
2017). The CO2 supply is supposed to be conducted continuously throughout a day (24×3600 
s/day). The volume of gas is approximately 22.4×10-3 m3/mol under normal temperature and 
pressure. Therefore, the total cost of CO2 compensation per day is 
l%SE = 44×105J× 260010k f22.4×105J ×24×3600 = 441.3f (35) 
where: 
Ψac: the capital cost of CO2 compensation ($). 
4.8. Air conditioner and cost 
According to section 4.6, even after air replacement has been conducted at its maximum 
practical rate, the internal temperature is still too high, so air conditioners are necessary to 
further decrease the internal temperature. 
According to the energy conservation law, the overall refrigerating capacity of air conditioner 
unit is equal to the difference between the overall heat input and the heat loss caused by air 
replacement. 
!7S4B = ! − !7S'' (36) 
The indicator of air conditioners’ energy efficiency is named COP (coefficient of 
performance). It is defined as the ratio of an air conditioner’s refrigerating capacity and its 
input power. 
3mn = PopqVroqs1VWr	[sts[V1uvWtw1	t\xoq (37) 
It is obvious that an air conditioner unit with a higher COP value is more energy efficient. In 
this case, the COP of the installed air conditioner units is 5.0, which is a relatively high level 
in European standard (Currentforce, 2017). Consequently, the overall input power (W) of this 
greenhouse’s air conditioner units can be calculated by 
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vWtw1	t\xoq = ! − !7S''3mn (38) 
The air conditioner units are supposed to work for 11 hours per day (from 6:00 to 17:00), 
because the amount of q is lower than qloss in night and air conditioners are not required to 
work at that moment. The electricity price in South East Brisbane is approximately 
$ 0.27/kW·h (Queensland Government, 2017). Therefore, we can get that the total cost of air 
conditioners per day is 
l4% = ! − !7S''5×1000 ×11×0.27 = 5.94×105<×(! − !7S'') (39) 
where: 
Ψac: the capital cost of air conditioner ($). 
The average value of q in summer daytime (from November to the next March) is 398000 W 
(shown in Figure 10). The values of ca and ρa have already been determined in section 4.5. 
The average difference between ti and te is 15.7  in summer. Therefore, based on equation 
(39), we can get that the relationship between V and Ψac can be determined by the equation 
l4% = 5.94×105<× 398000 − 1.205×1005×15.7f= 236.41 − 11.3f (40) 
4.9. Overall operation cost calculation 
The overall operation cost mainly consists of two parts: air conditioner cost and CO2 
compensation cost, which can be calculated by 
l = l4%+l%SE = 430f + 236.41 (41) 
Obviously, the overall cost raises with the increase of V, so if we set the V as 0, which means 
no air replacement conducted, the overall operation cost will achieve its minimum value 
($ 236.41/day). 
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As a result, in this case, no air replacement is required in the greenhouse, which makes it 
become a fully-closed greenhouse. This can minimize its energy cost and achieve the highest 
profit. 
4.10. Sensitivity analysis 
Comparing the two equations showing the relationships between V, Ψco2, and Ψac 
l%SE = 44×105J× 260010k f22.4×105J ×24×3600 = 441.3f (42) 
l4% = 5.94×105<× 398000 − 1.205×1005×15.7f= 236.41 − 11.3f (43) 
we can clearly know that the impact of CO2 compensation on overall operation cost is 
substantially bigger than that of air conditioner. In the V-Ψco2 equation, the coefficient in front 
of V is 441.3, while in the V-Ψac equation, it is -11.3. That means even if the CO2 price could 
be cut by 1/10 to 44.1, it is still uneconomical than using air conditioner. Therefore, using air 
conditioner can be considered as an ideal way to control the greenhouse’s internal 
temperature in summer. 
5. Commercial feasibility analysis
Because of the considerable temperature difference between summer and winter in Chinchilla, 
the heat input and the energy consumption calculations are carried out respectively. In 
summer, using air conditioners is a relatively economical way to control the internal 
temperature, and its capital cost is $ 236.41 per day, whereas in winter, no heating or cooling 
method is needed, so its capital cost can be regarded as 0. In addition, since the capital cost 
for CO2 compensation is much more expensive than that for air conditioner units, this 
greenhouse has been fully closed, which means the internal CO2 concentration is almost 
consistent, so no systematic CO2 compensation is needed in such a greenhouse. Therefore, the 
overall energy cost throughout a year is $ 35461.5. 
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On the other hand, this greenhouse can produce 5616 kg tomatoes per year, which has been 
discussed in section 4.2.2. The market price of tomato in Australia is around $ 6/kg 
(NUMBEO, 2017). If we assume that tomato’s procurement price is one third as much as its 
sale price ($ 2/kg), we would get an annual revenue of $ 11232. 
Obviously, the net profit throughout a year is negative (even other costs, such as labour cost, 
have been ignored). Moreover, even if the procurement price of tomato could triple, the net 
profit is still negative. Therefore, it is commercially unfeasible to plant tomatoes in such a 
greenhouse in Chinchilla. 
6. Conclusion
In this thesis, a fully-closed greenhouse, which is mainly used to plant tomatoes, has been 
designed. The assumptions throughout the entire design process are as follows: 
l The greenhouse is located in Chinchilla, where the temperature ranges between 21 and
30  in summer, and between 11 and 21  in winter (Living in Australia, 2017;
Tourism Australia, 2017).
l The greenhouse is 4 m in height, 9 m in width, and 80 m in length, and this size enables
it to produce approximately 5616 kg tomatoes per year.
l The thickness of the greenhouse’s wall is 0.08 m, and its heat conductivity coefficient is
1.09 W/m· (Marshall, 2006; The Engineering Toolbox, n.d.).
l The greenhouse structure’s total external heat-transfer coefficient is 19 W/m2·K in
summer, and 23 W/m2·K in winter. Its total internal heat-transfer coefficient is 8.7
W/m2·K in both summer and winter (Thermopedia, 2011).
l The total volume of air in the greenhouse is 2400 m3, and that of soil is 400 m3. This is
based on the assumption that the soil layer in the greenhouse is 0.56 m in thickness.
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l The average specific heat capacity of all other substances (except air) in the greenhouse
is roughly regarded as that of only wet soil, which is 1480 J/kg· (The Engineering
Toolbox, n.d.).
l The COP of the air conditioner units applied in this greenhouse is 5.0, which is a
relatively high level in European standard (Currentforce, 2017).
l The air conditioner units work for 11 hours per day in summer (from 6:00 to 17:00).
According to the discussion in section 5, it is commercially unfeasible to plant tomatoes in 
such a greenhouse in Chinchilla. However, it is reasonable to estimate that this greenhouse 
could be used to plant other crops that have higher commercial values, such as apricot. Dwarf 
apricot trees are generally 2.4-3 m in height, which can be planted in such a 4-m closed 
greenhouse (StarkBro’s, 2017). Besides, apricot is more expensive than tomato ($ 6.4/kg), 
and it can grow between a wider temperature range (-30-40 ), so a large proportion of air 
conditioner cost will be saved (NUMBEO, 2017). 
Finally, this project also has some drawbacks. Some other factors, which are also necessary in 
a greenhouse, such as a humidity control system, have not be mentioned yet in this thesis. 
This causes that the theoretical overall operation cost is smaller than the real value. As a 
result, more further researches are expected to be conducted in order to consummate this 
greenhouse design. 
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Appendix 
Appendix 1. Chinchilla’s direct normal irradiation density of each month (Lovegrove, 2013). 
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Appendix 2. Chinchilla’s monthly daytime solar altitude (Casio, 2017). 
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